E @j '”3 Jl“?'rl% j:IFj( Vol. 24,No. 1

ACTA AUTOMATICA SINICA Janu. ,1998

RSB AL 2l 2E Y B4 1 RE
BHT MER

(LR T ZER] SRR, Tk R A E iﬁi;ﬂ‘?‘i LM 310027)

B B WMRIFRENEAEH S EREREE. LA R{H SSV (Structured Singu-
lar Value) iy T B, ¥ X4 . R % 3508 iR B 8| 85 DL & RE 2 X2 800, 807 W1
A AR E S BT TiHe 83 T R RS E B & Z 8y KT I M5 H A
RO ) 85 S50 780 24 9 SOPREE L O AL 65 4 B AR il 28 DO T R T B K9,

x8iE BEEH, RIREMEA, S A RE.

TIif

1 5

AR B R ML ¥ # %8 & Hung 1 MacFarlane 7E 3CHK[1 A0 250452 R AT FFUERA T
R AR ARV fb 35 ) 2R AME A R G, X G bt e B AR R A R UR A X R e A\ O
BEBEREMN R ZIMR. ARFT R, &8 A SRR IR R AT Y. it 2l 4
AFRIEBEBEIRENBTE T, XA gEi s W88, Bl FrE “ & 2 1ERE” (Robust Performance)
] R0, J2 4 W R A B I I SR 2 M. A SR B 9 S A SR R YR AL 1l 5 45 1 Y B
YEBE. Z5WET B {H SSV (Structured Singular Value) &2 % SRR A H T A —U,
RMNNZTRB KR T RIFEAFEHEESHEAAHEHBUBRYLE, RAF L T RIFR
ML E RIS AR R BB et BT 2 BRI B R —4k. &G RN
RS B ) SR AR THR A T IR IR PE.

2 ARG RE B SR LEE

e I TR LA A R 00 R Y AR R . R SSV Bt R R B
BB T4 U B

!

RPou(M) <1, V w (1)

H A

(— w, (I + CGY'CG w,; (I + CGHY™IC
M — ’ (2)

. T wP(I + GC)an wP(I _l_ GC)_l )

kg HE 1994-07-13 KRR HIH  1997-04-15



114 £ ] 1k i H 24 &

F1 HEWANHEENRER RS

p(+) K Doyle 5 X Hj SSV™, BEXTFTMENHERE A=diag {4, Ap} TR, AP A, ] 3F
FERE G BB I, 51 N5 A\ TT 301515 oK B R 803 BR B0 B0 R RS pR R

Li(s) 5 C(H)G(s), (3a)
Si(s) o (I + L;(s))7, (3b)
H;(s) o Liy(s)U + L;(s)) . (3¢)
AR AR ZRRTE G B w7 » 7] N H T 30 4% 3 R 2. R U R Z00HT B AN R B BR &N
Lo(s) & G()C(s), (4a)
So(s) & (I + Lo(s))7, (4b)
Hy(s) & Lo(s)UT + Lo(s)) 7. (4c)

( —wH, wH,G™'
M = : (5)
— wpdoG WpSo
By,
— w,H, wG 'H,
M = : (6)
— wpS oG wWpS,
SIER1. IR N f1 A€ K
NGy = | @ MOy e o, (7
HN21(5) sz(S)J ’
A(s) = A o ,  A(s) € Cvy, As) FRE - (8)
0 A, (s)
BLEEMER, p(NFE TR
(a) u(N)=[o(N)o(Ny) 1 —max{c(Ny) ,0(Ny)}, (9)
(b) p(NY<[6(N)o(Nyz) " +max{c(Ny;),0(N3z)}. (10)
Het o(ORREKARAE.
H 2 (5) A5 2] 5| B 1 pYy HE L.
Higl X(DOMOG Frid Eo LB R ESE LR E TR
(a) p(M)Z=[o(wiH G )o(wpSoG) M?* —max{o(wiH;) ,o(wpSe) } s (11)

(b) #(M)ﬁ[g(w;H;G_l )E(WPSQG):I/2+mﬂX{E(wIHI) ,C_F(‘LUPS()) } . (12)



1 BR BRI T-55 AR BRRLTE L T il Ay B B 115

o (wiH ) s o(wpSo) M RIRREBIREHEMH XY, M 0(w H /G Do (wpSoG) 2 B &

BN B REMER e WEE. B, §EREEN S XHERER Him L, B, ik

B A B EE o (wi H,G™ D o(wpSoG) R HA]FE/.
FRERRE LT ER G EZREE TR T FEABREES. XY RIESFAED

i
G(s) = We()Te(s)Zs(s)7, (13)
TLIERER], TR T«OPFFREFIHERLY, MEEH WM Ze() K TER:
SIER. AT A, BRI ERISER A I ZR AL , X5 52 1% 128 oR B0 AT 40 i ) 3 2 A {1 38 72 P
T™T &5, J?ﬁﬂjﬁﬁﬁ‘ﬁﬁﬁlﬁ'ﬁ
GUgyn — Ig) = We T Z8 + W, T 6,25, (14)
Hp T =diag{r,, >, 1}; Te=dlag{t1s st} Was Zaa €C5 Weay Za €
C 05 6(Te)>0(Tey). [RBT, AR —ftE, FJL#H—PRES T RENTHRIHY 221
S8, o(Te)=0(Ts), i=1,2.
TE1 HXNRCOEFRAOEX M BTFR2ENE RS, M 0w, H,G Do
(wPSoG)?IJ ETﬂ%ﬁ"
(a) 0Cw;H ;G Do(wpSoG) <wlwrmax{c(Z&S)o(H;Zs)y 0(Zt,S1)a(H Zg)  +

wr‘meaX{E(G)E(ZESI)E(HIZ@) ’ (1/E(G))E(ZEZSI)E(HIZ(¥1) P (15)
(b) E(WIHIG*I )E(proG)Zw;wpmax{E(Zng;)E(H;ZGI) ,E(ZSZSI)E(HIZGZ) ,.‘C(G)
« 0(ZESDo(HZ:) » (1/6(G))o(Z&S)e(H 1 Zg) }. (16)

H «( ¢« YFRIRAEZE (condition number).

K AHFA6) F k(GIo(Z6,SDo(HiZe) BWEH BREMIEM. TEE—BOXEBHIRL,
BATPRE o (wiHIG ™) o(weSoG) e/ NE— 2B RGN 0(Z6, S o (HiZe,) BN [H]L.

5|38 2. SHEMA cCREARE 01220, >0, X RO 250, N5 57

EEBFR/NMEKXE X,
6, = min  max | Az | 2 (17)
dim (X)=n—i+1 Iiﬁg H v H 2

it 2. SHEE ACCTREHRRME 0.>0,>20,, U=U, U)EC™"HIERHE
]ﬁ, _iU ECn}(J,UZGCHX(H J)’nlj

o (AU < g,(A), a(AU,) < o(A). (18)

T 2. A% GERQOTE, L &R N
6 (ZESDo(H Ze,) =1 + 0, (L1 [1 + 0,0 (LT, (19a)
o (ZESDo(H Ze) < [1 — oL '[1 — oL '] (19b)

(19 { R [ XE—F L.
wIwPE(G)J(Z SJ)O'(HIZCZ) = wIwPI:]. —+ Jz (L;)] I:l ~+ JZG+1(IJI) 1:\ Yy (20)

2 k(G)>1 By, s 0. (L1)>>1>>016+1(L1)- Wk 2 vd, R L VB & FAE 5

LiCkrsn — k) =V SUR + V,,3,UR, (21)
KV, Uy €C4, Vi, U €C*0 40, 3 =diag{e),+ 104 } » Ty=diag{ow,41s°*50.} 5
H 0(Z1) =202, WFEETRER .




116 ] 44 = 4 24 A&

SR AEREMATHEFERERFNRISERMRE R FRE2A, FHE

RGN R BRI ERAEE, B k=1, MEERIE R R BB VERE.
X—45 e SR BIEEE KA M m R AR, XFERIERS EGBER L

x.

THERNE k=1 ZET, T ERIEE L &7 F 83— AL SURE ) ) 53
BRI AT BRIR 0 () =0(Z1), i=1,2. IR (19a)A]1B

- 50 [k 1
0(Z:551) =<1 + ol Vn Vi) - Zoi |l oo s
. o \ EIZJ \ Iz; =
N % - rzj_ll N 7 ;1]7'-«.. -3 —1
J(HIZG2)>‘<1 + 0 Zfz(Un Upg) oo
25 ) sz

B, EHU,.=76G=1,2), T S, M 21217‘1’:5‘#7@:% BT, UJ:WJCEﬁ%HHTﬁ@JE-

/)N,

Ew2 Y L AARTFZERESXNE G AT R FZBEY17 (alignment) , AU =Zg;
WIL3. KOOI RART VL ESFHESHR S E TRRE:

(a) u(M)=0(w,GT ' Hp)o(wpSoG) 1*—max{c(wiH/) ,0(wpSo) } 5 (22)
(b) u(M)<|o(w;G 'Hp)o(wpSoG |V +max{c(w;H;) so6(wpSo) }. (23)
T EXMRGCOAEFRADODIEXN B BT RENE RIS, ow/G 'H,)o
(wpSoG) I 2 T B H-
(a) 0(wiGT ' Hp)o(wprSoG) <wrwemax{c (Wi Ho)o(SoWe) s c(WELHE)o(SoWe:)
+wwepmax {(K(GYo(WiHo)o(SoWe), (1/6(G))o(WEHe)o(SoWe,) } (24)
(b) 6(w,;GT ' Hp)o(wpSoG) Zwrwemax{c(WEHH ) (SoWe) s (WEHH )0 (SoWe,) sk
(GYo(WEHH ) o (SoWe )y (1/6(G))a(WEH)(SoWe,) |- (25)
Hf k()R RRSEL
EIB4. EMR GOER QDR Lo EF RN
c(WiHo)o(SoWe) = [1 + 0, 1 (L)™' ] '[1 + 0, (Lo) 7 (26a)
c(WELH)o(SoWe) < [1 — (L) '] M1 —a(Le)] . (26b)

EIR3. ARG IIMEE R IRTF R B MR R T Raom, FHE

UM R R SR OIS B ko=1o, RRBEARIE R GEH & FRHERE.
4. 4 Lo NARRTEMGXE G WESRTF R, B Vo—Wali=1,2)

i, AR & B EE R E.
ZEHENE, RNBIIVWELHREXN TFERIPERMS. U4 mH, BER

Voifl W1 Z 2[RI E], TTAR: Vo=We.

]]1

3 EBEEHASEM

AT E L3 IR R RERI BURYLER/E T IRA BRI, B3] T 2 T W SRR 5%
{4 » 38 T R A A anef Bt o A% o L R X &R, RIRIETRISRA




1 Bron 55 - PR B A0 70 A 5 1 4% ) B 2 YRR 117
C(s) = WC(S)FC(S)Z{{EI(S) (27)
EXEFRESHE C
chFcZé{ ¢ W(;ng}ﬁf: V;E}U}H,
J’ (28)
EUI:':ZGE Z:]. 29
rVI/VGT(,Z:[:I WCFCZC — VOZOUO ’
y (29)
HVO:‘:WGH ] = 192
B i
rFI/VEFCZE ¢ WGTG — szu
) (30)
T(;Z}:_“r ¢ I/.{/{j.Zj.cZ(‘lEIr —= ZQUEI){.
W23 (30), [ 18 BB B ERE vy 7 i &3 09 7o = 14
FiI5. BHlwm COEFRCQOEAAGRESE. &
Ze = We, We=Zg, (31)

)6 5K 36 T2 4518 2 Al 45 12 4.

TERFCGOLBAR T, BRFERE

e A] o7 [H 4T A1

HY 2R A

1. RixER s T
C(zm?’l — Zc) — WC1F01Z —+ Wrzpczzcza (32)

)I—\HJE—_ZI ZC:ZGa _g_

i, 3 A2 4510 TR 4518 3.

?_'(FCz) < E(Tcl)

Z5 1A 450 3XT T o) A HY oK, A METS B 5% T 12

i AR B8 23 W0 38 A AH A B

E(FCI) E(TGE)

(33)

S B BYERE &, IRARIT 1 R &R G2 RE XA R AN B E R Y BRI

H, P ka2 8ULE R 15

2| T U ~FU\'I:M

D) AR IBAE R S AT 5 &R E m HL 2 S EEEey Z K, BI7E i 2
=T ERER R 2B

B HE T2 E B BY
2) VE&E T

ECL7]PERET

PR AR Y [ 80, A% SUHY 45 2R O B0 R RR 2 1 o 1O 2 B4

BGE T B A, BB AR S S DOt T IR E s 4

&=

=

£ X B

1] Hung Y S, MacFarlane A G J. Multivariable feedback: a quasiclassical approach. Springer-Verlag, 1982.
2] Report of the Workshop Held at the University of Santa Clara on September 18-19. Challenges to control: A col-

lective view. IEEE Trans. Autom. Control, 1987, AC-32(4).275— 285,

— 259,

Packard A, Doyle J. The complex structured singular value. Automatica, 1993,29(1):71—109.
Doyle J C. Analysis of feedback systems with structured uncertainties. In.IEE Proc. Pt. D, 1982, 129(6):242

5] Freudenberg J S. Analysis and design for ill-conditioned plants, part 1: lower bounds on the structured singular
value. Int. J. Control, 1989, 49(3).:851 —871.



1

118 ] W 7 eird 24 4

(6] Stewart G W. Introduction to matrix computations. New York: Academic, 1973.

(7] BRHT, VR, EAEE. ST ENEN SR, 51k, 1995,21(2) :214—220.

ROBUST PERFORMANCE OF REVERSED-FRAME
NORMALIZED CONTROLLER

CHEN SUPING  SUN YOUXIAN
(Institute of Industrial Control, State Key Lab of Industrial Control Technology ,
Zhejiang Untversity, hangzhou 310027)

Abstract The robust performance of reversed-frame normalized controller is studied. Taking
SSV (Structured Singular Value) as measure, and describing the plant, the open-loop transfer
function and the controller in the form of singular value decomposition, some sufficient condi-
tions guaranteeing robust performance are drawn about the parameters of the open-loop trans-
fer function and the controller as the result of directionality and coupling analyses. This forms
the theoretical basis for the design of robust controller with reversed-frame normalized struc-

ture.

Key words Robust control, reversed-frame normalization, structured singular value.



